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bstract

Cellulose sausage cellulose casings are used extensively in the manufacture of sausages in meat packaging. After stripping the meat, spent
asings mainly contain cellulose and residual meat juice with salt, nitrate and nitrite. Disposal of spent sausage casings has serious economic
nd environmental concerns for the sausage industry. This work describes bioconversion of spent cellulose casings (SCC) into enzymes, lactic
cid and ethanol by using cellulolytic fungi, lactobacillus and yeasts. The solid substrate cultivation (SSC) of Trichoderma reesei RUT C-30 on
CC and blends gave a maximum of 152 filter paper cellulase (FPase) activity and about 100 carboxymethylcellulase activity (CMCase)/g dry
eight substrate. The SSC produced enzyme-rich casing with 50 FPase when directly mixed as such with 10% fresh SCC produced over 70 g/l
actic acid using Lactobacillus plantarum sp. 14431, and also produced 30 g/l ethanol with Kluveromyces marxianus IMB-3 under simultaneous
accharification and fermentation (SSF) conditions.

2007 Elsevier Inc. All rights reserved.
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. Introduction

Cellulosic casings are widely used for packing meat in
ausage manufacture due to their uniform strength and stabil-
ty. The casing viscose cellulose is made from highly purified
ellulose by solubilization in strong alkali, derivitization and
eprecipitation [1]. During sausage manufacture, the meat prod-
ct is packed into a cellulose casing, twisted to seal the ends,
nd cooked. After cooking, cellulose casings are peeled from
he finished product and disposed by landfill. Annual U.S. pro-
uction of spent cellulose casings (SCC) currently exceeds
4 million kg [2]. The disposed spent casings mainly contain cel-
ulose and residual meat juice with salt, nitrate and nitrite [2].

he rising cost of landfill fees for disposal of spent cellulose
asings is a serious economic concern for the sausage indus-
ry. Many researchers have examined the enzymatic hydrolysis
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nd fermentation of native cellulose but few have examined the
egradation of regenerated celluloses [3–7]. Utilization of SCC
s feed ingredients for ruminants and degradation to increase
lucose concentration has been reported [2,3,7]. However, dis-
osal through animals would be practical only if a high fraction
f the material is digested and the costs involved are less than
raditional feed [2,6,7].

The conversion of lignocellulosics to value-added products
uch as biofuels and chemical feedstocks holds great poten-
ial [8–14]. Enzymatic hydrolysis of lignocellulosic biomass
s one of the most efficient routes [8,10–12,15,16]. The high
ost of commercial cell wall degrading enzymes and their
emand in various industrial applications has caused serious
esearch for more economical alternatives. Hence, low cost
ydrolytic enzyme production needed in large quantities is a
ey to economic success of any bioconversion process involving
ignocellulosics.

SCC, a source of waste pure cellulose polymer, can be sac-
harified efficiently by cellulases. The resulting sugars can be

imultaneously fermented to high yielding, value-added chem-
cals. Such processes could be useful to sausage industry as an
mportant means to the waste disposal problem with potential
or revenues from value-added products. Information on such

mailto:sreenath@biopulping.com
dx.doi.org/10.1016/j.enzmictec.2007.09.005
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ioconversion steps of SCC for production of value-added prod-
cts, however, is scanty.

The objective of this study was to utilize pure cellulose from
CC wastes for cellulase production by SSC. Subsequently the
SC produced enzyme-rich casing substrate (without expensive
nzyme extraction) was directly mixed as such with fresh SCC
or SSF production of high yields of lactic acid or ethanol.

. Materials and methods

.1. Raw material

The SCC was obtained from Klements Sausage Co. (Milwaukee, WI)
nd stored at −4 ◦C. Prior to use, they were shredded into approximately
cm × 0.4 cm strips using a laboratory meat grinder. The moisture content
f SCC was determined by uniform drying at 105 ◦C for ∼16 h to constant
eight.

.2. Microorganisms and enzymes

Trichoderma reesei RUT C-30 was grown on potato dextrose agar (DIFCO,
etroit, MI) at 30 ◦C for 4 days. Lactobacillus plantarum sp. 14431 and Lacto-
acillus delbrueckii NRRL-B-445 were grown on Lactobacilli MRS (deMan
ogosa Sharpe) agar (DIFCO, Detroit, MI) plates at 37 ◦C for 48 h. Klu-
eromyces marxianus IMB-3 was grown on YEPX agar plates (consisting of
east extract, 10 g/l; peptone, 20 g/l; xylose, 20 g/l; agar, 20 g/l) at 30–32 ◦C
or 48 h. Commercial cellulase preparation (Multifect B) was procured from
enencore (Rochester, NY).

.3. Supplement media

.3.1. Media for fungal cellulase production
Urea, 2 g/l; corn steep liquor (60% solid), 10 g/l; 10× mineral salts,

0 g/l. The mineral salts contained KH2PO4, 0.15 g/l; (NH4)2SO4, 0.05 g/l;
gSO4, 0.006 g/l; CaCl2, 0.006 g/l; FeSO4·7H2O, 0.00005 g/l; MnSO4·H2O,

.000016 g/l; ZnSO4·7H2O, 0.000016 g/l; CoCl2·6H2O, 0.000037 g/l [17]. The
H was adjusted to 6.0.

.3.2. Media for lactic acid production by Lactobacilli
Yeast extract, 5 g/l; bacto peptone, 10 g/l; sodium acetate, 5 g/l; sodium

itrate, 2 g/l; K2HPO4, 2 g/l; MgSO4·7H2O, 0.58 g/l; MnSO4·7H2O, 0.12 g/l;
eSO4 7H2O, 0.05 g/l; Tween 80, 1.0 g/l [9]. The pH was adjusted to
.5–6.0.

.3.3. Media for ethanol production by yeast
Filter-sterilized yeast nitrogen base, 1.7 g/l; urea, 2.27 g/l; and peptone,

.56 g/l [13]. The pH was adjusted to 5.5–6.0.

.4. Inoculum preparation

.4.1. Inoculum for cellulase production
T. reesei RUT C-30 strain grown on PDA plate was inoculated into 50 ml

edium in 300 ml Erlenmeyer flask containing potato dextrose broth, 24 g/l;
ween 80, 7.5 g/l; yeast extract, 1 g/l and incubated at 30 ◦C for 96 h, 200 rpm.
he mycelia obtained were blended in 25 ml sterile water for 5 s in a Warring
lender at 25 ◦C and was used as fungal inoculum.
.4.2. Inoculum for lactic acid production
L. plantarum or L. delbrueckii was grown on MRS agar plates at 37 ◦C for

4–48 h. Cells on the surface of the MRS agar plates were washed on the surface
ith 5 ml of 10× supplement medium. The optical density of cell suspension
as measured at 600 nm. The cell suspension was used as source of inoculum

or lactic acid production aerobically.
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.4.3. Inoculum for ethanol production
K. marxianus IMB-3 was grown on YEPX agar plates for 72 h. The culture

lates were washed with 5 ml of 10× supplement medium and used as source
f yeast inoculum for ethanol production aerobically.

.4.4. Liquid culture of SCC for cellulase production
Five grams of SCC (containing 60% moisture) was placed in a 300 ml Erlen-

eyer flask, suspended in 40 ml of water and sterilized. After cooling, 5 ml of
upplement nutrients and 5 ml of fresh T. reesei inoculum were added and incu-
ated at 30 ◦C, 200 rpm for 10 days. Periodically, 1 ml samples were taken and
entrifuged at 5000 rpm and clear supernatant was saved for overnight at 4 ◦C
rior to enzyme assay.

.4.5. Enzyme production from spent casings during SSC growth
The major carbohydrate component of sausage cellulose casing is ∼94%

lucan, 1–4% xylan and negligible amounts of lignin [5] (Sreenath et al., unpub-
ished). In addition to large concentration of cellulose, spent casings also contain

eat juices, salt, nitrate, and nitrite [2]. The moist shredded casing waste of
cm × 0.4 cm strips (containing 60% moisture), was wetted with tap water to

nitial moisture content of 80% along with 0.1% Tween 80 and supplement
edia. Other agricultural substrates such as wheat bran, wheat straw, corncob

nd alfalfa were evaluated for SSC growth with or without blending with spent
asings. The substrates were blended in 1:1 proportion on dry weight basis,
oistened substrate(s), 75 g, taken in a 1 l bioreactor was steam sterilized and

noculated by mixing 10 ml of starter culture inoculum of T. reesei RUT C-30
train. The bioreactor was incubated at 32 ◦C for up to 8 days with 1 atm of moist
ir. For experiments on enzyme assays, the residue(s) are extracted with unster-
lized tap water using a solid:liquid ratio of 1:3 for 90 min at 25 ◦C, followed
y filtration. The clear supernatant solution is decanted and saved as enzyme
t 4 ◦C prior to assay. Whole enzyme-rich substrate referred as “enzyme-rich
asing” was stored at 4 ◦C for overnight prior to SSF.

.4.6. Determination of enzyme activity
The filter paper cellulase activity of both commercial cellulase Multifect

and SSC in-house brewed cellulases were measured as described by Man-
els et al. [18]. The protein content of the enzyme was determined by Lowry’s
eagent [19]. Two milliliters of reaction mixture consisting 1.0 mg enzyme pro-
ein, 50 mg strip of Whatman no. 1 filter paper and 0.05 M sodium phosphate
uffer pH 4.8, was incubated at 50 ◦C for 1 h. The reducing sugar liberated was
stimated by dinitrosalicylic acid reagent [20]. One IU of filter paper unit is
efined as the amount of enzyme required to liberating 1 �mol of glucose under
ssay conditions. The level of filter paper cellulase (FPase) activity produced in
SC was expressed as IU/g dry weight of the substrate employed.

The CMCase activity was determined using 1.0 ml of 1% carboxymethyl
ellulose 7LF in 0.05 M sodium acetate buffer pH 4.8 and 0.5 mg enzyme protein
21]. The reaction mixture was incubated at 50 ◦C for 30 min prior to reducing
ugar estimation. One IU of CMCase is defined as the amount of enzyme that
atalyzed the formation of 1 �mol glucose/min under assay conditions.

Similarly xylanase activity was assayed using 1.0 ml of 2% soluble oat spelt
ylan in 0.05 M sodium acetate buffer pH 5.0 and 0.5 mg enzyme protein [15].
he reaction mixture was incubated at 50 ◦C for 30 min prior to reducing sugar
stimation. One IU of xylanase activity referred to the amount of enzyme that
atalyzed the formation of 1 �mol xylose/min under assay conditions.

.5. SSF of fresh SCC

The SSF were conducted in 125-ml Erlenmeyer flasks in 50 ml final vol-
me consisting 5 g of fresh SCC or other agricultural substrates on wet weight
asis, suspended in distilled water, with 2.5 g CaCO3 and sterilized for 20 min
t 121 ◦C. The CaCO3 is only used for buffering the lactic acid fermentation [9].
or ethanol fermentations, CaCO3 was not added. The enzyme-rich casing with
0 FPase was directly mixed as such with 5 g of fresh SCC along with other com-

onents of fermentation medium. Cell inoculum of L. plantarum or K. marxianus
MB-3, 5 g/l was respectively added into SSF medium followed by addition of
ml of supplement media for Lactobacillus and yeast fermentation. The SSF
as conducted at 41–45 ◦C, pH 5.5–6, at a shaker speed of 200 rpm for 2–5 days.
t various intervals, 1 ml samples were taken and centrifuged at 16,000 × g for
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min. The clear sample was saved at 4 ◦C for overnight for analysis of sugars,
actic acid and ethanol by high performance liquid chromatography. The amount
f product formed in the fermentation media was expressed as g/l total mix. Note
hat the a liter of total mix includes 100 g of fresh SCC, enzyme-rich casing or
lends, cells, supplement nutrients, and buffering salts of the medium.

.6. Analyses

Dry weight of the enzyme-rich casing or blend was determined by drying
hem at 105 ◦C for over night to uniform weight for expression of SSC enzyme
ctivity. Similarly, the amount of degradation of SCC was determined by drying
he entire flask contents before and after SSF. The reducing sugars liberated dur-
ng SSF were estimated by dinitrosalicylic acid method [20]. The sugars, organic
cid and ethanol were determined by high performance liquid chromatography
HPLC) using ION-300 column (300 mm × 7.8 mm) (Interaction chromatog-
aphy, San Jose, CA) with refractive index detector [9,13]. The mobile phase
as 2.5 mM H2SO4 with a flow rate of 0.4 ml/min at 60–65 ◦C, and 4130–
200 kPa.

. Results and discussion

.1. SSC cellulase production from SCC

The levels of filter paper cellulase (FPase) and carboxymethyl
ellulase (CMCase) production from SCC in submerged cul-
ure ranged from 5 to 7 IU/ml after 5–6 days of growth with
. reesei (data not shown). However, xylanase production was
igher and in the range of 19–20 IU/ml. Cumba and Bellmer
5] similarly reported lower cellulase production in submerged
ermentation from SCC producing 1.3 IU/ml FPase after 7 days.
ellulase production by submerged fermentation and SSC has
een reviewed using various microorganisms, substrates and
utrients [22–29]. Preliminary studies have shown that SSC can
e used to manufacture enzymes at significantly lower costs
han those encountered with conventional submerged culture
26–28].

During SSC, the rapid growth of T. reesei proved the utility
f SCC for cellulase production either alone or in combina-
ion with other substrates such as wheat bran, wheat straw,
lfalfa and corncob. Synergistic cellulase production was noticed
hen SCC blended with alfalfa or wheat bran compared to cel-

ulase production alone on these substrates. These substrates
lone gave 20–64 FPase/g and 34–74 CMCase/g biomass. The
lends of SCC with wheat bran or alfalfa after SSC produced
52 FPase/g and 170 CMCase/g biomass (Fig. 1A and B). Fig. 2
lso shows enzyme production patterns in these substrates dur-
ng 4- and 8-day harvest. The 8-day harvest generally produced
igher cellulase than 4-day harvest.

Other agriculture substrates such as wheat straw alone pro-
uced 38.5 CMCase and 53.1 FPase during SSC whereas
orncob produced 37.4 CMCase and 29.6 FPase on 8-day har-
est. However, combination of SCC + wheat straw or corncob
ailed to show synergistic cellulase production.

The amount of SSC xylanase produced was 1.5–2 times

igher with SCC alone and blends of SCC + wheat bran on
-day of harvest (Fig. 1C). Increase in xylanase production
as also found in blends of SCC + alfalfa on 8-day of harvest.
hese results prove previous reports of pure cellulose stimulat-

ng xylanase production by fungi [30–32].

l
i
S
b

ig. 1. SSC of T. reesei on SCC and other agricultural substrates for enzyme
roduction: (A) filter paper cellulase; (B) carboxymethylcellulase; (C) xylanase
(�) 4-day cultivation; (�) 8-day cultivation).

.2. SSF lactic acid and ethanol production from fresh SCC
sing enzyme-rich substrate residue

Table 1 summarizes fermentation conditions employed in

actic and ethanol production. The enzyme-rich casing or cas-
ng blends with 50 FPase was directly mixed with 5 g of fresh
CC in 50 ml of fermentation medium. This approach of SCC
ioconversion employing enzyme-rich substrate in SSF without
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Fig. 2. Fermentation of fresh SCC using various SSC enzyme-rich substrates.
(A) Lactic acid production by L. plantarum: SCC (�); SCC + wheat bran (�);
SCC + wheat straw (�); wheat bran + corncob (�). (B) Acetic acid production
b
w
S

e
t
4
s
c

Table 1
Fermentation conditions for SSF lactic acid and ethanol production

Fermentation parameters L. plantarum K. marxianus

Working volume (ml) 50 50
Temperature (◦C) 41 45
pH 5.5–6.0 5.5
Agitation (rpm) 180 180
O2 (mmol/l) 9.2 9.2
Initial cells (g/l) 5 (or 20 OD) 5 (or 20 OD)
SCC (g) 5 5
Cellulase (FPU) 50 50
Nutrients (g/l) MRS brotha Supplementsa
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y L. plantarum: SCC (©); SCC + wheat bran (♦); SCC + wheat straw (�);
heat bran + corncob (�). (C) Ethanol production by K. marxianus: SCC (�);
CC + wheat bran (�); SCC + wheat straw (�); wheat bran + corncob (�).

nzyme extraction and separation saved considerable processing

ime and laborious methods. The fermentation temperature of
1–45 ◦C was required for simultaneous saccharification of fresh
ubstrate and growth of fermentation organism for maximum
onversion [8,9,16,33–35]. This temperature is advantageous in

l
e
h

a CO3 (g/l) 5 Absent

a Refer Section 2.3.

erminating the growth of cellulase producing fungus. The lac-
ic fermentation medium was buffered using CaCO3; buffering
as not required for ethanol fermentation medium (Table 1).

n this SSF, more than 90% of SCC was saccharified and the
esulting sugars were converted to high rates of lactic acid or
thanol with in a period of 50 h (Fig. 2). Both Cumba and
ellmer [5] and Sanders et al. [7] have reported more than
0% degradation of spent cellulose casing after 24–48 h of cellu-
olytic saccharification employing various commercial enzyme
reparations.

The 8-day-old enzyme-rich casing was employed in
SF of fresh SCC (Fig. 3). The enzyme-rich casing con-

ained 48 FPase/g and 62 CMCase/g substrate and that of
lends of SCC + wheat bran which showed 152 FPase/g and
70 CMCase/g substrate. The SSF of fresh SCC with L. plan-
arum or K. marxianus showed complete solubilization of SCC
t ∼50 h with these enzymes. L. plantarum produced ∼70 g/l
actic acid in 50 h with both enzyme-rich SCC and blend
f SCC + wheat bran (Fig. 2A). The lignocellulosic compo-
ents in agricultural residues need to be pretreated to release
ellulose, the primary inducer of the cellulase production
5,36]. However, the purity of cellulose in SCC possibly helps
n inducing pure cellulolytic material. These pure cellulases
egrade fresh SCC rapidly due to enhanced saccharification
nd fermentation. Hence, enzyme-rich casing with lower cel-
ulase activity producing a higher lactic acid rates similar to
he blends of SCC + wheat bran with higher cellulase activ-
ty.

The other blends of enzyme-rich casing such as SCC + wheat
traw and SCC + corncob produced 35.6 and 59 g/l lactic acid
nd 14.1–17.4 g/l acetic acid, respectively, after SSF of fresh
CC employing L. plantarum (Fig. 2A and B). K. marxianus
MB-3 produced 25 g/l ethanol in 50 h of SSF with enzyme-rich
asing (Fig. 2C). Whereas the other blends of enzyme residues
roduced 10.6–15.8 g/l ethanol.

.3. Effect of enzyme harvest on SSF of SCC
The enzyme harvested on 8-day produced 10–20% higher
actic acid compared to 4-day harvested enzyme (Fig. 3A). The
thanol production was slightly higher in the 8-day enzyme
arvest compared to 4-day enzyme (Fig. 3B). The enzyme
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Fig. 3. Effect of SSC harvest time of SCC grown enzymes on fermentation
of fresh SCC. (A) Lactic acid production by L. plantarum—8-day harvest:
lactic acid (�), acetic acid (�), reducing sugar (�); 4-day harvest—lactic
a
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Fig. 4. Comparison of lactic acid production from fresh SCC in L. plantarum
a
a
(

3
d

t
p
5
2

3
c

casing with 25 FPase when directly mixed with 5 g of fresh SCC
in 50 ml of SSF medium produced similar amounts of lactic
acid (Fig. 5). However, the amount of SSF ethanol produced
cid (©), acetic acid (�), reducing sugar (�). (B) Ethanol production by K.
arxianus—8-day harvest: ethanol (�), acetic acid (�), reducing sugar (�);
-day harvest—ethanol (©), acetic acid (�), reducing sugar (�).

arvested at 8-day contained higher amounts of level of fil-
er paper cellulase (FPase) than 4-day enzyme. However, the
mounts of acetic acid produced were lower in both 4- and
-day harvested enzyme (Fig. 3A and B). The fermentative
fficiency of Lactobacillus and Kluveromyces for lactic acid
nd ethanol production, respectively, enhanced due to increased
ompatibility between cellulolytic saccharification of the fresh
ubstrate and the growth temperature of the microorganisms
8,9,16,33–35]. The reducing sugars of cellulolytic saccha-
ification of SCC contained mainly glucose, cellobiose and
ylose [5] (Sreenath et al., unpublished). The saccharified reduc-
ng sugars did not accumulate in the fermentation medium
s they were simultaneously utilized rapidly for lactic acid

nd ethanol production. At this point it is not known that
here are any inhibitory or stimulatory effects of meat juices
n the SSF fermentation medium in producing these metabo-
ites.

F
r
E
c

nd L. delbrueckii using SCC grown enzymes. L. plantarum: lactic acid (�);
cetic acid (�); reducing sugar (�). L. delbrueckii: lactic acid (©); acetic acid
�); reducing sugar (�).

.4. SSF lactic acid production in L. plantarum and L.
elbrueckii

The lactic acid production by L. plantarum was twice more
han that of L. delbrueckii using enzyme-rich casing (Fig. 4). L.
lantarum produced 70 g/l lactic acid and 14.7 g/l acetic acid in
1 h, whereas L. delbrueckii produced 35.4 g/l lactic acid and
4.7 g/l acetic acid in 73 h from fresh SCC (Fig. 4).

.5. SSC enzymes versus commercial enzyme in SSF
onversion of SCC

The commercial cellulase preparation and SSC enzyme-rich
ig. 5. Comparison of SCC grown enzymes with commercial cellulase prepa-
ation on fermentation of fresh SCC using L. plantarum and K. marxianus.
nzyme-rich SCC: lactic acid (�); acetic acid (�); ethanol (�). Commercial
ellulase preparation: lactic acid (�); acetic acid (�); ethanol (©).
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ig. 6. Lactic acid production from various agricultural substrates using
nzyme-rich SCC. Alfalfa (©); beet pulp (�); soya fiber (�); corncob (♦);
orn stover (�); wheat straw (�); wheat bran (�); cranberry pomace (�).

as slightly higher in SSC enzyme-rich casing than commercial
nzyme preparation.

.6. Lactic acid production from un-pretreated feedstock
esidues

Additionally the efficacy of enzyme-rich casing residue was
ested for lactic acid production from various non-pretreated
gricultural feedstocks residues such as corn stover, wheat bran,
heat straw, Soya fiber, alfalfa and beet pulp. The SSC enzyme-

ich casing with 25 FPase when directly mixed with 5 g of
arious agricultural substrates in 50 ml of SSF medium produced
actic acid in the range of 25–35 g/l by L. plantarum in 41 h
Fig. 6). Similar reports are available on lactic acid production
rom other agricultural feedstock residues and wastes employing
ommercial enzymes [8,9,16,37]. The reducing sugar release
n most of the substrates was sporadic in the first 1 h of SSF
nd the range was 18–30 g/l. At 41 h, the lactic acid productiv-
ty reached peak in most of the substrates with reducing sugar
elease decreasing to 6–17 g/l suggesting higher sugar consump-
ion. The lactic acid production was considerably reduced after
–4 days of SSF and 5–8 g/l of reducing sugars was still left
n the medium unfermented. The fermentation stopped proba-
ly due to unfavorable fermentation conditions due to depletion
f nutrients and low pH causing cell death [8,14]. Fermenta-
ion of herbage biomass requires efficient saccharification of
ber, which normally involves various pretreatment procedures.
hese pretreatments include treatment with acids or bases cou-
led with elevated temperatures or softening the fiber with steam
r liquid ammonia [8,13,35,36]. In this study, without pretreat-
ent, the beet pulp and corn stover gave higher lactic acid

roduction and wheat bran and alfalfa ranked next. However,
dditional research is necessary on large-scale optimization of
ioconversion of spent cellulose casings and its commercial
easibility.
. Conclusion

Spent cellulose casings, a waste product of sausage industry
onsisting of pure cellulose polymer, alone or when blended

[

[

crobial Technology 43 (2008) 226–232 231

ith other substrates produced high yields of cellulases on solid
upport. These cellulases without laborious extraction directly
ydrolyzed and saccharified fresh spent cellulose casing wastes
nd other agricultural residues extensively and simultaneously
ermented to produce high yields of lactic acid and ethanol.
his bioconversion process has potential to reduce the cost of
isposal (over conventional landfill) to sausage producers, as
ell as create value-added products and co-products.
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